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ABSTRACT 

AX J1754.2-2754, 1RXS J171824.2-402934 and 1RXH J173523. 7-354013 are three 
persistent neutron star low-mass X-ray binaries that display a 2-10 keV accretion 
luminosity Lx of only (1 — 10) x 10 34 erg s _1 (i.e., only ~0. 005-0. 05% of the Edding- 
ton limit). The phenomenology of accreting neutron stars which accrete at such low 
accretion rates is not yet well known and the reason why they have such low accre- 
tion rates is also not clear. Therefore, we have obtained XMM-Newton data of these 
three sources and here we report our analysis of the high-quality X-ray spectra we 
have obtained for them. We find that AX J1754. 2-2754 has L x ~ 10 35 erg s _1 , while 
the other two have X-ray luminosities about an order of magnitude lower. However, 
all sources have a similar, relatively soft, spectrum with a photon index of 2.3-2.5, 
when the spectrum is fitted with an absorbed power-law model. This model fits the 
data of AX J1754. 2-2754 adequately, but it cannot fit the data obtained for 1RXS 
J171824.2-402934 and 1RXH J173523.7-354013. For those sources a clear soft thermal 
component is needed to fit their spectra. This soft component contributes 40%-50% to 
the 0.5-10 keV flux of the sources. The presence of this soft component might be the 
reason why the spectra of these two sources are soft. When including this additional 
spectral component, the power-law photon indices are significantly lower. It can be 
excluded that a similar component with similar contributions to the 2-10 keV X-ray 
flux is present for AX J1754. 2-2754, indicating that the soft spectrum of this source 
is mostly due to the fact that the power-law component itself is not hard. We note 
that we cannot excluded that weaker soft component is present in the spectrum of 
this source which only contributes up to ~ 25% to the 0.5-10 keV X-ray flux. We 
discuss our results in the context of what is known of accreting neutron stars at very 
low accretion rate. 

Key words: accretion, accretion discs - stars: individuals (AX J1754. 2-2754, 1RXS 
J171824.2-402934, 1RXH J173523.7-354013) - stars: neutron - X-rays: binaries 



1 INTRODUCTION 

Low mass X-ray binaries (LMXBs) are systems in which a 
neutron star or black hole accretes material from a Roche- 
lob filling companion star that typically is less massive 
than the accretor. Transient X-ray binaries alternate long- 
lived quiescent periods (typically years to decades) dur- 
ing which the systems are extremely faint in the X-rays 
(< 10 33 erg s _1 ) with short-lived (weeks to months) accre- 
tion outburst episodes during which the X-ray luminosity 
increases at least several orders of magnitude. It is thought 
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that those outbursts are powered by a similar large increase 
in the mass accretion rate onto the central compact object. 
On the other hand, the persistent systems are continuously 
accreting at high levels and therefore their X-ray luminosi- 
ties are always high (> 10 34 erg s _1 ). Although large fluc- 
tuations in their X-ray brightness are commonly observed 
(sometimes fluctuations of more than a factor of 10), they 
do not become as faint as the X-ray transients. 

Very faint X-ray binaries (VFXBs) are those sys- 
tems that show maxim um 2-10 keV X-ray lu minosities of 
only ~ 10 34_36 erg s" 1 l| Wijnands et alj|2006h . These sub- 
luminous sources are interesting because they probe a rel- 
atively unexplored mass-accretion regime and can there- 
fore provide valuable input for accretion physics (e.g., 
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lArmas Padilla et al, 201ll, 2013f). binary evolution models 



King fc Wiinandj|200d; IDegenaar fc Wiinands! |2009|, 



l2010bl ; IMaccarone fc Patrunol l2oTa T and the theory of nu 
clear burning on the surf a ce of accreting; neutron stars (e.g.. 



Cooper fc Naravanl 120071 ; iPeng et all 120071 ; IDegenaar et al I 
2010al ). 



Most known VFXBs are transient, however, there are a 
handful of systems known that are p ersistently accreting at 
such very low accretion rates fe.g.. | in 't Zand et al.l I2005L 
20071; i Del Santo et al.ll2007l ; ICampanall2009l ; IDegenaar et all 



2010al , l2012al lJ). So far, all persistent VFXBs, for which the 



accretor has conclusively been identified, harbour a neutron 
star because they exhibited a type-I burst. However, the 
fact that we do not know any black hole system is very 
likely a selection effect because without observing type-I 
bursts the nature of the accretor is very difficult to identify. 
The reason why those sources exhibit such faint accretion 
luminosities remains unclear. It has been proposed that 
persistent VFXBs could be ultra compact X-ray binaries 
(UCXBs). These are systems that are thought to harbor an 
hydrogen-poor companion star in a very small orbit around 
the accretor with a n orbital period P < 80 — 9 min (e.g., 
iNelson et all Il98rj ; iNelemans fc Jonkeri |2010T ). However, 
although a very short orbital period could justify the low 
luminosi ty for some sources, it c an not explain all persistent 
VFXBs l|Degenaar et al.ll2010al . see section 1.3). 



is known for this source so its classification as an UCXB is 
still uncertain. 

Analysis of a series of Swift observations suggests that 
the X-ray spectrum of AX J1754. 2-2754 is strongly absorbed 
(with a column density Ah — 2.1 x 1 22 cm" 2 ) and relativel y 
soft (with a photon index F ~ 2.7; IDegenaar et al.ll2012ch . 
The Swift spectral data could be adequately fitted with a 
single power-law model, but the data quality was such that 
a multiple component spectrum could not be excluded. 



1.2 1RXS J171824. 2-402934 

1RXS J171824.2-402934 was discovered with ROSAT in 
1990 and identified as a neutron star LMXB when a 
type-I X-ray burst w as detected with BeppoSAX in 1997 
ijKaptein et al.l koOO'l. The X-ray burst showed evidence for 
photospheric radius expansion. Assuming Eddington-limited 
emission during the burst peak places the source at a up- 
per limit distance of D < 9 kpc (|in 't Zand et al.ll2005l l The 
source is persistently detected at a 2- 10 keV persistent lumi- 
nosit y of L x ~ (5-10) x 10 34 erg s" 1 din 't Zand et al.ll2005l . 
2009). A Chandra observation showed that the X-ray spec- 
trum of the source can be described by a power-law model 
with Afa ^ 1 x 10 22 cm" 2 and T ~ 2.1-2.4 (|in 't Zand et all 
I2005l . l2009h . 



In this work we report on the analysis of high-quality 
XMM-Newton spectra of three persistent sub-luminous neu- 
tron star LMXBs: AX J1754.2-2754, 1RXS J171824.2- 
402934 and 1RXH J173523. 7-354013. 



1.1 AX J1754. 2-2754 

AX J1754. 2-2754 is a faint X-ray source that was dis- 
covered with ASCA in 1999 (|Sakano et al.ll2002t ). The na- 
ture of the source remained unknown until INTEGRAL 
detected a type-I X-ray burst in 2005, which unambigu- 
ously identified it as an accret ing neutron star in a LMXB 
ijChelovekov fc Grebenevll2007l ). Assuming that the peak X- 
ray burst was equal to or lower than the Eddington lumi- 
nosity, the source distance was estimated to be D < 9.2 kpc. 

The source has been detected at a 2-10 keV luminos- 
ity of Lx — 10 35 erg s -1 every time an X-ray satellite 
pointed at i t (IDel Santo et all 1200 71: iKrivonos et all 120071; 
Bassa et all l200Sl; Ijonker fc Keek! boosl : IDegenaar et~all 
2012d ; IMaccarone et al.ll2012i ). except for a brief episode in 



2008, when Chandra did not de tect the source wit h an upper 
limit of L x ^ 5 x 10 32 erg s" 1 ijBassa et al.ll2008h . The non- 
detection might have been caus ed by an eclipse, alth ough 
this scenario is not very likely ijjonker fc Keekll2008h . In- 
stead it is more likely that the source was inactive for a 
brief period, which m ust have been rather short (< 1 yr; 
IDegenaar et al.ll2012d\ This inactive period would indicate 
that the source is a transient but its unusual short inactive 
phase compared to the very long active phase makes this 
system quit an oddball among the transients. For the pur- 
puse of this paper it exhibits nearly all the hallmarks of a 
persistent source and we will treat the source like that. 

The source has a low absolute optical magnitude, which 
has let to the suggestion that it might be an ultra-compact 
X-ray binary (|Bassa et al ] |200Sft . However, no orbital period 



1.3 1RXH J173523. 7-354013 

1RXH J173523. 7-354013 is a faint X-ray source that was 
discovered with ROSAT in 1990. It was identified as a 
neutron star L MXB when Swift detected a type - I X-ra y 
burst in 2008 l|lsrael et all |200S| ; IDegenaar et all l2010aT ). 
From the analysis of the X-ray burst a source distance of 
D < 9.5 kpc is suggested, assuming that the peak flux was 
equal to or lower than the Eddington luminosity. Its X-ray 
spectrum can be described by an absorbed power-law with 
IVh ~ 9x 10 21 cm -2 and T ~ 2.3. The source is always 
detected at a 2-10 keV luminosity of Lx — 10 35 erg s _1 
ijDegenaar et al.ll2010ah . 

1RXH J173523. 7-354013 has an optical/IR counterpart 
with observed magnitudes of V ~ 21.2, R ~ 18.8, J ~ 15.4, 
H ~ 14.3, and K ~ 13.8 mag. Optical spectroscopy revealed 
a strong Ha emission line, whic h suggests that the neu tron 
star is accreting H-rich material (IDegenaar et al.ll2010al ) and 
therefore the system cannot be a UCXB. 



2 OBSERVATIONS AND DATA ANALYSIS 

In order to investigate the spectral properties of VFXBs 
in greater detail than previous studies, we acquired XMM- 
Newton observations of the three VFXBs discussed in 
section [T] (Table [T] shows a log of the observations). We 
use the data obtained with the European Photon Imaging 
Cameras (EPIC), w hich consists of two MPS detectors 
dTurner et all l200lh and one pn camera (|Striider et all 
2001). During all three observations the MOS cameras 
were operated in imaging mode using the small window for 
1RXH J173523. 7-354013 and the full frame window for AX 
J1754.2-2754 and 1RXS J171824.2-402934, whereas the 
pn was set in timing mode for the three observations. The 
timing mode was used to allow searches for the expected 
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millisecond X-ray pulsations in these sources aris ing from a 
possi ble fast rotating neutron star in them ( e.g. Wii nands 
120081 ). However no pulsations were found f see |Patrundl201C 
for the results on 1RXS J171824.2-402934; a full description 
will be published elsewhere). Given the faintness of our 
sources and the calibration uncertainties in the soft part of 
the spectrum in the pn data in timing mode (see the XMM- 
Newton calibration t echnical note XMM-SOC -CALTN- 
00832 see also, e.g., iDone fc Diaz Tried I2OI0I ). we have 
excluded the pn spectra from our analysis. 

The data analysis and reduction were carried out 
with the Science Analysis Software (SAS, v. 12.0.1) to 
obtain calibrated event lists and scientific products. The 
observations were affected by episodes of high background. 
To eliminate these background flaring periods we excluded 
data with count rates larger than 0.35 counts s" 1 at 
energies > 10 keV. Our sources were not bright enough for 
pile-up to become considerable so there was not need to 
correct for that (see the XMM-Newton users ' handbook . 
We extracted the MOS source events using a circular 
region with a radius of ~ 950, ~ 1000 and ~ 700 pixels 
for AX J1754. 2-2754, 1RXS J171824.2-402934 and 1RXH 
J173523. 7-354013, respectively. The background events 
were extracted from circles with the same sizes and were 
located on nearby source-free regions. We generated the 
light curves and the spectra, as well as the associated 
response matrix files (RMFs) and ancillares response files 
(ARFs) using the standard analysis threadijf]. The spectral 
data were grouped to contain a minimum of 25 photons per 
bin and rebinned to oversample the FWHM of the energy 
resolution by a factor of three. 

For each observation, we fitted simultaneously the 
0.5-10 k eV spectra of t he two MOS cameras using XSpec 
(v. 12.8; H rnaudl Il996l ) . The model parameters were tied 
between the two detectors. We added a constant factor 
(constant) to the spectral models with a value fixed to one 
for MOS1 camera but we allowed it to vary freely for MOS2 
in order to account for cross-calibrations uncertainties. We 
included the photoelectric absorption component (phabs) 
to account for the interstellar abs orption assuming the 
cr oss-sections o f Verner et alj (| 1996T ) and the abundances 
of I Wilms et all (|200Ch . 



3 RESULTS 

We used three different models to fit our spectra. First we 
used a simple power-law (powerlaw) affected by photo- 
electric absorption, and then we added a soft component, 
using either a blackbody (bbodyrad) or an accretion 
disk mo del consisting of mult iple blackbody components 
f diskbb. iMakishima et al.lll986T ). The results of our spectral 
analysis are summarized in Table The uncertainties on 
the spectral parameters are at 90% confidence level and the 
flux errors have been calculated following the procedure 



presented bv lWiinands et al.l (|2004l ). 



3.1 AX J1754. 2-2754 

The spectrum of AX J1754.2-2754 can be well described 
by a single power-law model (xt ~ 0.96 for 279 de- 
grees of freedom [dof]; Figure [TJ. The Nh obtained is 
~ 2.9 x 10 22 cm~ 2 . The X-ray spectra are quite soft: 
the obtained photon index is V = 2.5, which is (within 
the uncertai nties) in agreem e nt with the value (T — 2.7) 
obtained by iDegenaar et al.l (|2012d ) in their analysis of 
Swift data of the source. Adding a soft spectral does not 
improve the fit significantly (xl ~ 0.93 for 277 dof). When 
we do add a soft component to the power-law model, the 
photon index becomes F ~ 2.3 or T ~ 2, and the temper- 
atures obtained are 0.53 or 0.74 keV for the blackbody 
and diskbb, respectively. The fractional contribution of the 
thermal component to the total unabsorved 0.5-10 keV 
and 2-10 keV fluxes are almost the same, with a higher 
contribution if we use the diskbb (~ 26%) than using the 
bbodyrad (~ 8%). For all fits the unabsorbed 2-10 keV flux 
obtained is ~ 9.5 x 10~ 12 erg cm" 2 s _1 which corresponds 
to a luminosity of ~ 1 x 10 35 erg s _1 assuming a distance 
of 9.2 kpc. 



3.2 1RXS J171824.2-402934 

The spectrum of 1RXS J171824.2-402934 is not well 
described by a single power-law model (xl ~ 2.5 for 277 
dof) and it is required to add an additional component 
(for which we use a soft, thermal component) to get an 
acceptable fit (xl ~ 1.03 for 275 dof; Figure [TJ. The 



obtained column density is 



2 x 10 22 cm" J and the 



photon index V ~ 1.5, which is considerably harder than 
the F = 2.3 obtained with the simple power-law model. 
The temperature of the blackbody (diskbb) component 
is 0.31 keV (0.39 keV), which contributes 37% (49%) 
in the total 0.5-10 keV unabsorbed flux and only 9% 
(11%) in the total 2-10 keV one. The unabsorbed flux 
is ~ 4 x 10~ 12 erg cm -2 s _1 (2-10 keV) when we use 
the bbodyrad component. Assuming a distance of 9 kpc 
the corresponding luminosity is ~ 3.6 x 10 34 erg s _1 . The 
unabsorbed values are slightly higher when using the diskbb 
model. 



1 http://xmm.esac.esa.int/ 

2 http : //xmm. esac . esa. int/external/xmm_user_support/documentat 

3 http : //xmm. esac . esa. int/sas/current /documentation/threads/ 



3.3 1RXH J173523. 7-354013 

1RXH J173523. 7-354013 has similar spectral characteristics 
as 1RXS J171824. 2-402934. It also needs a two component 
model to obtain a good fit (xl = 0-97 f° r 184 dof for a 
two component model versus xt = 1-92 with 186 dof for a 
single power-law model; Figure [TJ . The thermal component 
contributes about half of the total 0.5-10 keV unabsorbed 
flux while only ~ 10% in the 2-10 keV energy range. 
The parameters obtained are Nh ~ 1.5 x 10 22 cm -2 , a 
photon index of F ~ 1.4 and a temperature of 0.3 keV 
lWifift&2RiWl«irrBffi.tftiigiitly higher if the diskbb com- 
ponent^ Is used; OA k*eV). The unabsorbed 2-10 keV 
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Table 1. Target list and XMM-Newton observation log. 



Source 


Observation ID 


Date 


Exposure time 


Net exposure time" 






(yyyy-mm-dd) 


(ks) 


(ks) 


AX J1754.2-2754 


0651450201 


2011-03-17 


47.5 


42 


1RXS J171824.2-402934 


0605160101 


2010-03-14 


76.8 


70 


1RXH J173523. 7-354013 


0606200101 


2010-03-20 


40.0 


28 



a Net expesure time after removing episodes of background flaring 



flux is ~ 2.3 x 10 12 erg cm 2 s 1 which translates to 
a luminosity of ~ 2.5 x 10 34 erg s _1 for a distance of 9.5 kpc. 



4 DISCUSSION 

We have presented the spectral analysis of our high-quality 
XMM-Newton data of the persistent neutron star LMXBs 
AX J1754.2-2754, 1RXS J171824.2-402934, and 1RXH 
J173523.7-354013. Their 2-10 keV X-ray luminosities are 
Lx — (2 — 10) x 10 34 erg s" 1 , which implies that these 
neutron stars are accreting at ~ 0.01% — 0.05% of the 
Eddington rate (assumin g an Eddington lum inosity of 
Ledd = 3.8 x 10 38 erg s" 1 ; iKuulkers et al.ll2003l ). 

Previous Swift and Chandra observations of 1RXS 
J171824. 2-402934 could be satisfactorily modeled with an 
absorbed power-law m odel but with a relativ e ly hi gh photon 
index (T ~ 2.1 - 2.4; lin 't Zand et al.ll2005l . 120091 ). Fitting 
our XMM-Newton data of the source with a single power-law 
model gives as similar high photon index. However, due to 
the quality of our data it has now been possible to determine 
that the spectrum can be better described by a two compo- 
nent model, consisting of a power-law plus a soft component. 
This soft component could be satisfactory be modeled with 
either a black-body or a disk black body model. Such a two 
component model results in a significantly harder photon 
index (r ~ 1.5) compared to the single power-law model. 
The temperature of the soft component is ~ 0.3 — 0.4 keV. 

We obtained similar results for 1RXH J173523.7- 
354013. The values obtained with the absorbed power-law 
model are in agreem ent with the ones reported by 
iDegenaar et al.l (|2010al ) using Swift data (they obtained a 
photon index of V ~ 2.3 compared to our 2.5). However, 
the XMM-Newton spectral analysis shows the presence of 
a thermal component with a temperature ~ 0.3 — 0.4 keV 
and consequently, the photon index has (similarly to 
1RXS J171824.2-402934) a lower value (r ~ 1.4). AX 
J1754. 2-2754 is the only one of the three sources that is 
well described by only a simple absorbed power-law model 
and the addition of a soft spectral component did not 
im prove the fit. This is co nsistent with the results obtained 
bv lDegenaar et all |2012d ) who analyzed Swift observations 
obtained from this source. AX J1754. 2-2754 has the highest 
column density of the three sources (Nh ~ 2.9 x 10 22 cm~ 2 ) 
but we determined that this high column density could 
not explain why we do not see a soft component in its 
spectrum with similar strength as what we observed for the 
other two sources (see below). Another difference is that 
AX J1754. 2-2754 is the most luminous of the three sources 



the Ly 



10 35 erg s" 1 for AX J1754.2-2754 compared with 



4 x 10' 



' 4 erg s 1 for the other two sources; 



2-10 keV). 

One question is why the soft component is detected in 
some sources and not in others. The data quality of our 
three sources are similar; in fact the AX J1754. 2-2754 data 
are slightly better. Hence the spectral differences are not 
due to differences in the quality of the data. One possibility 
is the difference in the absorption by the interstellar 
medium along the line of sight towards the sources. We 
have carried out simulations in order to quantify the effect 
of the high Nh on our ability to detect a soft component 
in the spectra. Using XSpec we simulated a variety of 
spectra using the RMFs and ARFs for the MOS cameras, 
an exposure time of 30 ks and the parameters obtained 
for 1RXS J171824.2-402934 and 1RXH J173523.7-354013 
but with an Nh up to 3 x 10 22 cm~ 2 . We found that 
despite that its contribution to the total absorbed flux is 
lower, the thermal component is still clearly detectable 
(albeit at lower significance) if its contribution to the total 
unabsorbed flux is similar as what has been observed for 
1RXS J171824.2-402934 and 1RXH J173523.7-354013 
(~ 40% — 50% in the 0.5-10 keV energy range). Therefore, 
the reason for the spectral differences cannot be explained 
by differences in absorption columns alone and must be 
intrinsic to the sources. 

We have searched the literature for information about 
what is known about the spectral properties of other per- 
sistent very-faint X-ray binaries. The NS LMXB XMMU 
J174716. 1-281048 is such source, although strictly speak- 
ing it is a quasi-persistent LMXB because before 2001 
it could not be detected (but is has been detected ev- 
ery since; ISidoli fc Mereghetti|[200l ; |PeT Santo et al. 1 120071 : 
IDegenaar et al.l |201 J T~ I ts 2-10 keV X-ray l uminosity is 
ix~ 5 x 10 34 erg s" 1 (|Del Santo et all 120071 ). Its XMM- 
Newton spectra were well described with an absorbed 
power-law model, with a photon index of V ~ 2 but its col- 
umn density is very high with a value of Nh ~ 9 x 10 22 cm -2 
which could easily absorb the flux from even a rather 
strong thermal component. The unclassified persistent AX 
J1538. 3-5541 reaches similar luminosities and it spectrum 
can be described with a similar spectral model. However, 
this source is also highly absorbed (Nh ~ 8 x 10 22 cm~ 2 ) 
making detection of a soft thermal component difficult. It s 
spectra is relatively soft (r ~ 2.3; IDegenaar et al.ll2012q ). 
similarly to AX J1754.2-2754. 

In addition, there are several LMXB transients which 
never become very bright and only reach peak X-ray 
luminosities similarly to the very-faint persistent sources. 
E.g., the best fit model for the XMM-Newton spectrum of 
the very faint LMXB XTE J1719-291, which most likely 
harbours a neutron star, was modeled with a blackbody 
component with a temperature of ~ 0.3 keV combined 
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AX .11754 


2.93 ± 0.06 


2.51 ± 0.03 








8.81 ± 0.06 27.0 ± 0.8 


27.4 ± 0.8 




7.70 ± 0.06 


9.55 ± 0.02 


9.67 ± 0.02 


0.96 (279) 


1RXS J1718 


1.78 ± 0.04 


2.33 ± 0.04 








3.59 ± 0.04 8.01 ±0.20 


7.8 ± 0.1 




2.95 ± 0.04 


3.33 ± 0.03 


3.23 ± 0.02 


2.54 (277) 


1RXH J1735 


1.43 ± 0.07 


2.45 ± 0.07 








2.29 ± 0.05 5.2 ± 0.3 


5.6 ± 0.3 




1.76 ± 0.05 


1.93 ± 0.05 


2.08 ± 0.05 


1.92 (186) 


phabs* (powcrlaw+bbodyradj 


AX J1754 


2.7 ± 0.2 


2.3 ± 0.2 


0.53 ± 0.04 


1.37 ± 1.2 


8.43 


8.90 ± 0.08 21.9 ±2.7 


22.1 ± 2.7 


9 


7.79 ± 0.09 


9.4 ± 0.06 


9.57 ± 0.06 


0.93 (277) 


1RXS J1718 


1.9 ± 0.1 


1.56 ± 0.09 


0.31 ± 0.02 


5 12+ - 47 


37.2 


4.01 ± 0.05 7.8 ± 0.5 


7.6 ± 0.2 


9.4 


3.34 ± 0.05 


3.75 ± 0.04 


3.63 ± 0.02 


1.03 (275) 


1RXH J1735 


1.4 ± 0.1 


1.4 ± 0.2 


0.30 ± 0.02 


4 75+ ' 64 
*■ '°-1.12 


42.2 


2.66 ± 0.07 4.8 ±0.5 


5.2 ± 0.5 


10 


2.10 ± 0.06 


2.29 ± 0.06 


2.48 ± 0.6 


0.97 (184) 


phabs* (powcrlaw+diskbb) 


AX J1754 


2.6 ± 0.2 


2.0 ± 0.3 


0.74 ± 0.06 


90+ U S6 


25.9 


8.97 ±0.1 19.6 ± 5.0 


19.8 ± 5.0 


19.5 


7.86 ± 0.10 


9.45 ± 0.07 


9.57 ± 0.07 


0.92 (277) 


1RXS J1718 


2.1 ± 0.1 


1.5 ± 0.1 


0.39 ± 0.03 


3 43+° 58 
° °-0.93 


49.1 


4.02 ± 0.05 9.4 ±0.7 


9.1 ± 0.4 


11.2 


3.35 ± 0.05 


3.81 ± 0.04 


3.69 ± 0.02 


1.03 (275) 


1RXH J1735 


1.7 ± 0.1 


1.4 ± 0.2 


0.38 ± 0.03 


3 24 +0.79 


53.8 


2.66 ± 0.07 5.9 ±0.7 


6.4 ± 0.7 


11.6 


2.11 ± 0.07 


2.33 ± 0.06 


2.52 ± 0.06 


0.97 (184) 



Note. - Quoted errors represent 90% confidence levels. The fifth and ninth column reflects the fractional contribution of the thermal component to the total unabsorbed 0.5-10 keV and 2-10 keV flux 
respectively. F-%_ abs and F x una):is represent the absorbed and unabsorbed fluxes, respectively. The luminosity , source radius (-R^b) an d apparent inner disk radius (-Ri n ) were calculated adopting 
distances of 9.2. 9, and 9.5 kpc for AX J1754.2-2754. 1RXS ,7171824.2-402934 and 1RXH J173523. 7-354013, respectively. Also we assumed a disk angle 6 = to calculate B in . 



6 M. Armas Padilla et al. 



AX J 1754.2-2754 




Energy (keV) 



1RXS J 17 1824.2-402934 




Energy (keV) 



1RXH J 173523.7-354013 




Energy (keV) 



Figure 1. MOS1 (black) and MOS2 (red) spectra. The solid lines 
represent the best fit for a power— law model in the case of AX 
J1754. 2-2754 (top panel), and a combined power-law (dashes) 
and bbodyrad (dotted lines) model for 1RXS J171824.2-402934 
(middle panel) and 1RXH J173523.7-354013 (bottom panel). 



with a power-law with a photon index of Y ~ 1.7. The 
source has a rather low colu mn density, Nh ~3x 10 21 cm -2 
l)Armas Padilla et al.l 1201 ll ) and the addition of a soft 
thermal component to the fit model is statistically re- 
quired, which contributes ~ 30% to the 0.5-10 keV source 
flux. The 2-10 keV luminosity of the source during this 
XMM-Newton observation was 1.3 x 10 34 erg s _1 which is 
very similar to that of 1RXS J171824.2-402934 and 1RXH 
J173523. 7-354013. Similarly, the transient neutron star 
LMXB Swift J185003. 2-005627 displayed a 0.5-10 keV 
luminosity of ~ 3 x 10 35 erg s _1 in its 2011 outburst. The 
best description for the Swift spectra was also with a two 
component model with similar parameter values, and the 
thermal component contributed ~ 45% — 65% to the tota l 
0.5-10 keV source unabsorbed flux (|Degenaar et al.ll2012bl ). 

From the above it is clear that our understanding of 
the X-ray spectra of very faint X-ray binaries is severely 
limited and hampered by the lack of sources in combina- 
tion with the sometimes large absorption to the known 
sources. It seems that at the lowest luminosities (a few 
times 10 34 erg s" 1 ) that definitely a soft component (with 
a low kT of ~ 0.3 — 0.4 keV) is needed and that the 
power-law component is rather hard (photon index of 
1.4-1.6). However, at luminosities of 10 35 erg s _1 or higher, 
the spectra either do not require a soft component at 
similar strength as seen for the fainter sources (e.g. in AX 
J1754. 2-2754) or a a rather strong soft component could 
be clearly detected as well (e.g., Swift J185003. 2-005627; 
albeit with relatively high temperatures of 0.7 keV). The 
nature of this thermal component is not clear. However, 
considering that most of the sources harbour neutron 
stars accretors, a plausible origin for this component is 
the neutron star surface or perhaps the boundary layer 
(if present). Low- level accretion onto the surface of a 
neutron star can indee d produce a black-body like spectrum 
l|Zampieri et al.lll995l ). Still, a disc origin cannot be ruled 
out since it was also possible to fit the data with a multi- 
color disc blackbody. Moreover, it is not clear that the soft 
component which can be detected in the different sources is 
always coming from the same region: it might be possible 
that in some sources we see the surface/boundary layer of 
the neutron star but in others we see emission from the disk. 

Despite that a soft component is not needed in the 
spectra of all known sources that have Lx ~ 10 35 erg s~\ 
the spectra of those sources are still remarkable soft 
compared to what is seen for sources at higher Lx (i.e. 
10 36 erg s _1 , r < 2). It is unclear if all the softening can be 
explained by the introduction of a thermal soft component 
(e.g., as seen for Swift J185003. 2-005627) since this is not 
required by the data of AX J1754. 2-2754 and will only 
contribute at most 10-20% to the 0.5-10 keV flux (see 
Table 1). Therefore, quite likely in a number of sources the 
soft spectra at ~ 10 35 erg s _1 might be intrinsic to the 
power-law component. This is similar to what has been 
seen for bright transients which decay below a luminosity 
of 10 36 erg s -1 as well a s for s everal transient VFXBs 
|Armas Padilla et alj l201ll . 120131 ): their spectra become 
softer as their X-ray luminosities decrease. The fact that at 
the same low X-ray luminosities similar soft X-ray spectra 
are seen in persistent sources and in transient sources might 
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suggest that both types of systems have similar accretion 
geometries in the luminosity regime 

10 35-36 erg g -i guch 

softening of the power-law comp onent is expected in ADAF 
or RIAF like accretion flows (see I Armas" Padilla et ai]|2013t 
for a discussion). 



What happens below a luminosity of 10 35 erg s _1 is 
not clear. The presence (in two of our sources) of a soft 
thermal component at a luminosity close to 10 34 erg s _1 
causes the spectra of those sources to be as soft as observed. 
In fact, their power-law component seem to be rather hard 
with photon indices of ~1.5. It is unclear if this power-law 
component is related to the one seen at higher luminosities 
(which would indicate that it becomes harder again at 
the lowest observed luminosities if indeed the softening 
from 10 36 erg s _1 down to 10 35 erg s _1 can be ascribed 
to changes in the power-law component) or that it is due 
to a different phenomena (in which case the process which 
produces the power-law component seen at > 10 35 erg s _1 
must have disappeared and must be replaced by a different 
process which also produces a power-law shape spectrum). 
Therefore, currently it is unclear how the lowest luminosity 
sources fit in the overall picture of accreting X-ray binaries. 
More sources in this luminosity range have to be studied 
using very sensitive satellites like XMM-Newton. In par- 
ticular those sources which move (frequently) through the 
luminosity range io 34-35 erg s _1 , such as the transient 
systems or highly variable systems. 



The spectral characteristics of 1RXS J171824.2-402934 
and 1RXH J 173523. 7-3540 13 are similar to some of the tran- 
sient neutron star LMXBs in their quiescence state, espe- 
cially those who have Lx between 10 33 and 10 34 erg s _1 . 
Also for those sources, their X-ray spectra can be de- 
scribed using a two-component model consisting of a 
thermal part (fitted usually with a black-body model 
or a neutron-star atmosphere model) and a non-thermal 
part (usually fitted with a power- law model). Remark- 
ably the fit parameters obtained using such a model 
are very similar to what we have obtained for 1RXS 
J171824.2-402934 and 1RXH J173523. 7-354013: a black 
body temperature of 0.2-0.3 keV and a photon index 
of ~ 1.5 (albeit that this is often not well constraint 
due t o the low quality of the data) (e.g. Rutledge et al.l 
19991. 120021; IWiinands et al.ll2002l. I200I; I Jonker et al.ll2003l ; 



Cackett et al.ll201ll ; iDegenaar & WiinandsH2012dr i. The m- 
terp retation of the non-thermal component remain s unclear 
(see ICampanal 120091 ; IDegenaar fe Wiinandsl l2012dl . and ref- 
erences there in). The similarity between these quiescent 
systems and our persistent accreting sources at a few times 
10 34 erg s _1 could point that accretion might be still going 
on in quiescence for at least some of those sources which 
have quiescent luminosities of 10 33 — 10 34 erg s _1 . For sys- 
tems which are fainter, this cannot be concluded because 
often either the thermal component is not present and only 
the power-law component (which often appears to be softer 
with photon index of ~ 2; albeit again with large error bars) 
or only the soft component is seen with hardly any or no de- 
tectable contribution by a power-law component. In those 
latter systems we could indeed observe the cooling of the 
neutron star. The physical process behind the fully non- 



thermally dominated quiescent spectra of a growing fraction 
of the quiescent systems is not understood. 
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